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Solutions of the Hugoniot shock equations and
Meyer expansion equations are plotted in such a manner
as to permit the pressure distribution, tb.e local Mach
numiioer, and the arig.lesof shocK waves on arbitrary

. sharp-nose airfoils at supersonic speeds to be obtained
directly.

●

IN’TRODIJCTICN

Ackeret, in reference 1, gives a method for calcu-
l~tin~ the pressure distribution over thin, sharp, two-
d3.mensicnal airfoils at su~ersonic speeds. This metlnod,
based on the thaory of small disturbances, is only a
first r-.~proximatfon and therefore is most accurate for
thin Gir”fOih.

—

The exact relationshi~ for the pressure rise thro’lgh
a normal shock wave, as given by Iiugoniot, is discussed
in reference 2. According to reference 5, the corre-
sponding relations which a~pl~ directly to t~L~ pressures
on a straight surface of an airfoil inm?ediately behi,r@
an oblique shock were obtained by Meyer es early es 1908.

. A discussion of Meyerrs equati.oris for the expansion of
supersonic flow around an infin.ita corner is also given
in r$eferance ~.

--
Frequently, intorfer~nce exists between

b .,



.

shook ad--e~pansion waves caused by the intersection of
.-

two or more of these waves. When. thi.s intersection is
C.1OSO to the airfoil, as, for ins~ace, when the airfoil
has considerable curvature, the c~lsulsttoris yielded by
the afarewentioned equations are riot exact.

?t has been shown by Ferrt (reference -~) .th&t the
equations far an oblique shock cotib”ined with the expan-
S1OL1 equations give a close approxi-matlon to experimental
results as reviev;ed ti tile sectiori ‘[Presentation of
Figures!’ in this”report. The use.of the equations, how-
ever, involves long and d.ifficult .computations. The
purpose of this paper Is to give ~raphic soluttons of
these equations in a form suitable for rapid calculation.
Because the size of the gaghs liTits their accur=cy,
tables are given from v.h!ch co~~utational graphs okch
Creater accuracy may he plotted. The relations given
I:erein apply directly to a two-d:.rnens~.onal, or cylindri-
cal, flow in which the tran~verse velocity is supers~nic.
As pointed out by E!usemann (reference ~) they mny be
adanted to the case. of- oblique motion of’ the cylindrical
airfoil by the addition of an ar”c&rar: axial velocity.
Thusj as in reference 5, the relations may be a9pli.e~ to

.

the case of a swept-back airfoil Q5_ng ahead of the Mach
lines, in which case tke velocities and Mach numbers used #
i.n the calculation are those corresponding to the trans-
verse comporient- of the flight velo~cf.ty. In case the .air-
t’oil is swept behind the Mach line’s the flow will be of .

a different type as discussed in reference 6.

p static pressure

q dynamic pressure

@ change in direction or flow (see fig. 1)

“f ratio of snecific heat at—constant pressure to
snecific heat at constamt v~lume = l.~ for air

e angle of shock wave relative.t~ M=tion of flow
before shock

1

--
.-

.

—

——
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v angle around
from M =

which the flow would have to expand
1 to the given local Mach number

P density of gas
..—_.. —..

Subsariats:

a for conditions &fter a di sturbance
.

b for conditions before a disturbance

n for local condition under consideration ..

0 free stream

PRESENTATION OE’ H HIRES

A supersonic two-dimensional air flow aroun~ an
airfoil. may change its direction either by fl”eflection
or by exgansion around a corner. In case the change In
air-flow direction occurs by deflection, a shcc’kwzv”e Is
set up, and in case the chan~e is by ~ansion, an
ex~ansion wave is set up. In either &as-e, the change of
state of the gas can be oresented as a .fu”nction of “the
local Mach number before the disturbance and the change
in direction cf the gas. ---

The equa~ions from which the charts ~resen~ed herein
are derived are given tn the appendix. Values of local
Mach nmnber, pressure ratia, and ~ressure c“b~~ficient
acrcss shock waves are given in table I. The local Xach
nuw.bs-rsbefore and after expansions are pres&nted in
table II and the static relatio~s across exoarision waves,
in table 111. Table IV gives the pressure ratios based
on free-stream dynamic rmessure for various’ ?%ch numbers.

Before the. uethod af determining pressure distribu-
tion, lift, drag, and moments may be discussed, ‘a method
of m.easurln& the angles that cause expan-sions and shocks ___
must be s.ele.cted. Figure 1 shows the method used in the
,?resent paper far measuring angies ‘causing expansions;
figure 2 shows that for measuri~ angles “causiti~ s~gcks.
The angle causin~ the disturbance is desigri~ted P in ““”-”--’-
both cases; (3 is considered negative if the dtstur3fince “j_.
sat up is an ex~ansion wave and positive if it--is a shock-
wave.
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Figure 3 shows the manner in which the flow changes _.
when the angles are made too large for the given speeds.
If the angle causing the shock is ‘too great; the shock
wave separates from thle airfoil stirface.

.-
Tn figure 4.

are given the maximum angles that ,may exist before the
shock wave seoarates, calculated as tha boundary condi-
tion betmmen the region giving twg solutlons and the region
for which no solution exists, Tf the trailing portimmof
the airfoilis too blunt, the flow may separate from the
airfoil and leave a turbulent wake. Ffgure 5(b) shows
that the expansion of the flow outside the wake is actually
less than it would have been had i-t followed the surface.
‘The nressure on ttie back of the airfoil does rmt decrease
so much as it would if the flow failed tu separate, The
drags calculated if no separation is assumed will there-
fore be higher than those actually experienced.

The local Mach nuwber after tidisturbance (shock or
—

expansion) is shown in figure ~ to be a function of the
.,

local t’ach number before the distu&bance and the engle
!

causing the disturbar.ce. For example, if a flow at--a
Mach n~ber of ~,,Climpinges on a s’prface sat at ~“ to
that flow, a shock wave is set up ~ehind v:hich the local

.

!~ach number is 5.6,4, while the floti behind the shock
wave i~ parallel to the surface. @ the other hand, the
same flow expanding around a so

*
corner produces a local

Mach nutrber -equal to ~..)+on the surface behind the expan-
9ion.

—

Hgure 6 gives the ratio of static pressures across
shock and expansion waves.

—-
For example, assume that a

flow at a local Mach number of ~.~is shocked .by a sur-
face slope change of p = 5°. ??rb~ figure 6 the pressure
ratio across the shock is 1.61, which means that the
pressure is much higher on the surfRce behind the shock

.

than on the surface before it. If”the flow at M = 4.0,
had exnanded ~“, then the ~ressure~would have dro~ged
to o.~m, From this examnle it is seen that the 5
shock Increased the pressure by 6~”p6rcent2 whereas the
5° ewansio~ de~reaged the press~~ only L.1 perce:lt.

.-

Ackeretts method in reference 1 prqd.icts equal-changes
in ~ressu-re-.for both the shock .and.the ex2an9ion, since
it Is based on small disturbances. Present results

.

Indicate, therefore, that angles a< large as 5° require
a more accurate. approximation than that given by Ackeret. ,



.

●

The use of figures ~ and 6 can ‘be demor,strated by
EoIvj.ng for the local lfach r~umber.s and pres su.j’es.on we. .
simple air-foil shtiwrii.n figure 7. The coordinates of

—

f’igures 5 and 6 are based on conditions before the dis - .
—

tl~rbance and conditions after the disturbance. lr~ fig---
ure 7 the conditions after one disturb afice ‘“arenotqd to
be the conditions before another .disturbsmce. Trle
numerical subscripts found in the symbols of fi~-re 7
are to be ssso.ciated, therei’ore; for use in t’ho ckarts
of figures 5 and 6, with tb.e subscripts a and bj —.-——.

according to t’heir relative gosltions with respect”to - “---
the disturbance. ~De airfoil oi figure” 7 is a symmetrical,
clouble-wed~e airfcil h=vlng a 20 Included sngle at tho
leading and trailing edges. For use in this examjl3”th-
airfnil is at a positive angle of attack ti”f3° arc is
v.oving at a free-stream Yach number of ~.Q. The perti- ““’”~----=
nent emgles S.S well as the conditions to be determined —

are shown on figure 7.
.- .— —

—->.

?r:ter figure ~ at 3:0 = ~.O &nd PI = -2°, and
read ~ff Ml = 4.16. This Mach rnzwb&r”is used to g~btkifi

—

M2 = 4.33. Values for the lower surface of the airfoil
are obtained in a similar manner? At coordinates of
:,! = ~.O and ~3 = ~“, !f3 = 3.70; and, simi”lar~y, w~-en ‘“””

t~e flow at M% is expanded 2°, !:~ is found to be-3. 84..

A shock wave aid an expansion wave are shown at the
trailing ei&e;Jhowever, sir.ce these disturbances do not
affect the pressures on the airfoil, tb.ey will be neglected,
and ?!~, 1?2,

‘3 ‘
and M4 are the only Mach numbe-r5”- —— -—

which are discussed.
-------..,.:.. —
..

‘The pressure ratios across the s~bck and expa,sipn-
wavw can be determined frcm fi~e 6. Enter figure 6 ..
at MO = 4.0 acid an expansion angle of- 2° and read

PI
—= o.817.3 At coordinates of % = .4D:~ and ~ = .~~~- -
0 .- .;..- .-., v

92
-.

— is f’ound to be 0.80~. ??hen
P~

.—

-0‘2 ?l ?2 ———
_—- = o.81~ x 0.809 = 0.661 ‘:

—–Po?lP.



Pop tl~ lower supf’~ce of me airf’o~l, P3/Po is found

at coordinat~m MO =4.0, (35 =~” to be 9 = 1.h7.
D

‘4
-o

At M
3

= 3.70, 94 = -2°, ~ = 09829. men

?a
Tke pressure. ratios ~ may be converted to local

‘-’b
pressure coefficients * by the ‘use of the plot given

in figure 8, ‘?The “resul s obtained for the local l:ach
numbers , pressure ratios, and pressure coefficients are
illustrated in figure 9.

.-

Once the pressure distribution is determined, the
lift, drag, and moment coefficients can be obtained by
integrating plots of the ty?es given in figures 10,. 11,
and 12. The lift coefficient Is pbtained by integrating
the projection of the airfoil pres8ure distribution on a
nlane parallel to free-stream diracttin. For the example
airfoil at Mach nu.riber4.0 and angle of attack ~“, the
lift coefficient is O.0~.O. The drag coefficient is
found in the same msrmer except tht the integration Is
over .the projection of the airfoil pressure distribution
on a nlane perpendicular to free Stream. The pressure
drag coefficient for the example airfoil is 0.00315.
The tatal section drag coefficient is the sum of the
viscous and aressure-drag coefficients; forinstance, I.f
the viscous-drag coefficient is c).0060, then the tot~l
drag coefficient is 0.0060 + 0.00315 = 0.00915. ~e
moment--coefficient, obtained by integrating the
elemental moments about—the pointidesired, becomes

.

0.001112 when taken about the center for the example
ai.r~oil. .

.

, .-

—

—

In the preceding examples step-by-step calculations
were made along the airfoil, in whiclz case the results
obtained at any point are dependent on the accuracy of

‘1

those ah the preceding points. Tk+e results thus obtained
on the rear of the airfoil may be subjechto greater
inaccuracies than are necessary. A“method is consequentl~- - <
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~~iven for determining the conditions behind each of aS
series of expansions independently of the conditions
existi~.g at intermediate points. For the examale air.
fcil of figwe 7, t’he free.stream flow was sxpanded
around a 2° corner to obtain the con~itions on the front
of the upper surface and tlnese conditions were i-hen
axoanded” around the second 2° corner to give the condi-
tions on the rear of tk.e upper surface.
ditions, however,

These last con-
could have been found directly by

referring the rear of tile upper surface to the free-stream
conditions and expanding through the total ~figle (4°] ati-
once ● Theoretically the results ohta~.ned are exactly the
same regardless of which methcd IS usedj grovided no
sb.ock waves are ?resent between the end-points of the
calculation. Tnls methcd of adding angles does not apply
when these are intermediate shock waves becaus”e of loss -.

or total head in the shock wave.

If it is desired to calculate only the pressure
distribution, it is not necessary to find ‘1 ‘

?F21:-

?A~, or P2/PI for an airf’oil similar to the type in

the exa-mple given. —.

FtOgure 13 is taken, from reference L to compare the
experimental pressure distribution on an airfoil with

.

the calculated distribution. Even though the wind-tunnel
tests were of a very small model .%d although the air~oil
is not of a type particularly suitable for calculations, __
the calculated ad experir,ental values seem to cov-pare
favorably except for the region of separated flow near ““- - ._
the upper trailing edge of the airfoil. The method of
the present report is not exact for an airf’o~l of this
type, which has considerable curvature along its entire - ““
length. The inaccuracy caused by the curvature, h!swever,
seems to be small. The thicbess ratio and angle of
attack of the example airfoil are somewhat higher than -
~~,~~e for u;bich t~j~ mt~thod is reco~te.endado R:f:remco 4
!::x;,l;;j~s the sen~ratcd rc,sicn of flow.

.—

Langley Yernortal Aeror.autical Laboratory .-

National Advisory Committee for Aeronautics
Langley Field, Va. , kcril 4, 1946
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.
APPENDIX _ ._ .-

-.
lJETHOJJOF ANALjfSIS...

Shock V--aves

Swersonic air flow about anj+irfoil may be said
to consist of””expansions” and shoc~s. Feference 2 men-
tions the fact Y&it a change in eritropy occurs tirough
a shoe’k wave. Three conditions are shown, however, to
agply to the vel~cities, pressured, and densities ah the
two sides of the shock wave, namely:

(a) Continuity of mass -— ..
[

(b) Balance between prese-ure “difference and change
----k

of momentum

(c) Conservation of energy

These conditions lead to the three. basic

Pa tan 8—=

‘b tan (0 - ~)”

or

AQ . sin @ :

Pa sinO xcos (0”- (3)

equations:

1

(1)

.

1

.

,
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.

.

Then, by use of the relation

it follows that

+1

1 y+l sin P sin 0
= sin2G -

1%2 2 Cos (e - p)

(3)

(4)

(5) -

(6)

(7)

By substitution of arbitrary values of e and p in
.equattons (I) and (6), the corresoon~in.g values df
Cj.ensity ratl.o across the shock and Mach number before
the shock are obtained. If the simultaneous values ~f (3;
?, and ~. are used with equations (5) and (7) , the
pressure ratio across the shock and the Wach number ‘“
after the shock are obtained.
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~~~pe Ih ghows the angle of the shoclk wave as ~
f%.rmtion .of th~- Yach number befo~e the shock Yb and -
the angle defining the change in :diraction of the flow ~.

The aressure ratios ati. the Kach numbers after the
shock have already been discussed: for figures 5 and 6.
llse of’ the ratio of Qress-ure after any shosh wave to
free- strean! static pressure, together with free-s tream
Mach number in equation (h) , rnakeE noss”ible t~e deter-
mination af the oressure coefficient be~ind tk+at SPJOC’.<
wave. Figure 8 has shovm the gra~:h “for converting
Uress.ure ratios to pressure coefficients.

The flow after the shock wav~ ray be considered
adiabatic as long as the -flow i? .Qxpmdlng; By the use
of such flow cotiditions, the vel~citi.es~ densi tie.s~ and
pressures may be calculs ted. Ex2&3.mentally some trovhle
is encountered when extremely large angles of- exgansicnl
are used. The flow may break down and form a turbulent
wa!’e of’‘somewhat- hif-her stat~c pressure than might be
expected if the flow had continued to expand around the
corner.

Deference 3 considers that a iflow at a Mach number
of 1 expax-ds around some angle u ~=nd reaches a higher
Mach number M defined by the rel”ation

BY ex~-ding arwnd an angle
-..

‘b) the flow reaches a

Yach number ~~b; s,nd by expanding around some “larger
angle ‘a> the fl~w reaches some lnlgher.Mach n~ber Id;.
A flow at the first Mach number ~fb can then-reach the
hi~’her Maah number Ma by ex~andl~g around the s@all
angle,

.>..

.-
—
.-

I 1“

.-

-. -_

●

-P=~a-v~: (9)
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Equations (8) and (?) serve as the basis for calculating
the expension lines in figure 5 showing the variation
of local ?Jach number with change in surface slope.

J,.-.—>
..-

$m~ther equation derived from the workof_referetice 3
gives the pressure ratio across expansion waves as

-.
.,..-

-lL-

(10)

Prom equations (5)s f?)> and (10), it is possible
to calculate tie part of figure 6 that” gives we pres-
sure ratio across expansion waves as a function ot” the
local Hach number before the e~anston and the change
in surface slopes.

The ftgures ~own in this report, kecause Qf their
limited size, may not be accurate enough far routine
calculations. It way be desirable to plot the graphs

—

to a larger scale before using them.
--

For this reason

the values are listed in tabular form for the main
—.— --- — n=

graphs .

Tables I and 11 should be accurate to all the %!ZJZKes .- —.
shown, but table II may not be 6xact in the last figure
since the emansion calculations required graphical
interpolation between very close cor,puted points.

—

.

.



1, Ackeret, J.: Air Wrces on Airioils M9vi ng Faster
than Sound . NACA TM. 317, 1~25.

—.
.—

.—.

—
.-

.L ..-

..-

)!. Ferri , Antonio: Ex~erimerltal I%sults with Airfoils
?’ested in the High-Speed Tunnel at Guidonia,

.-

NACA TM Mo. 9&, 19ho.
.3-

5. Eusemnn, A.: Aerodynamic Lil’t~Et .S~gersonic Speeds.
23U., Ae. Techl. 12gl, Eriti~h A. P. C., ~eb. 3, 1~57.
(I”rom Luftfahrt~crsdm.mg, .%; 12, Fr. 6, 9cL. 3; *

3.935, pp. 210-220. )

6. Jones , Robert T. ~ Prmpertles of Low- Asgect-qStio
.-

Polnted lllngs at Sgeeds beloti a
..

lo~z, “l:;t%.
above the Speed

Uf Sound. NACA TN No, . . .

. .-—

.

.



. .

.

, *

unnuw N w
. . . . . .

$&@
luNu N 8

--i

u
●

I2 IF’

1-
CcJ

I



14
NACA TN No. 1143

Mb

TASLE I.- v~ms OF ~CALMACH

AND PE

Ma

SVRE COEFFICIENT M Lss

RUME3Fi,PRHSSURS RATIO,

SHOOK ?/AVES - oont~med

I I

.

.

-’

●
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COMldITT2E FOP AERONAUTICS
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T(d:g) (d:s)

TABL2 1.- VALUSS OF LOOAL MAC’SROMBSR, PF@SSURS IUTIO,

Am P~SSURS cOEFFIOC2ST AOROSS SROOR WAVES - Oontlnti

:% ::%

.029581:921U

.0823 1.9362c
?.1385.1.9533(

1.7882$
;:~&

1.821@
1.8374

Q
1.823
1.82
l.m

3
1.9095
1.9325
::;~q
2.0198
2.05525
2.0705:

q~

).
.01910

y;

.09251

.11011

$3

.I.2Id+

:1 2
i.17e0

.194
P.2101

:$8~

;:;99;

8.053
:$2%
.11442
.13239
T

.1 10

.1757

.18479

.201&

.21861

.2

.2$3%’

.2795
0
.02158
Y

.0 71

.0342!
:%3Z$

;gj~
.19%9
.21662
.23450
::#J

‘;g$
.09m[
.ln4!
~;32$
.1731[
.193d
.2125’

—
e
,ed

I 17

Mb

NATIONAL DwSORY
COKbCCT~ FOR AERORAU~CS



16 NACA TN No. 1143

a:g) %

TABLE 1.- VALJJSSOF LOCAL MAc!HNU~R,” PREi!.SURSRATIO,

AND Pmssum COEVFIOIENT AOR09S SHOCK iAvES - continued

% (C&)

—

,.26902
,,2591t8

:g~

,.23173

,.227’20
,.223

?
..2209
,.2191
.21?88

,,21
y..218

,.2199
,.22229
,.225~7

..23&6

..22509

..2120
2..20 50

..1987

..19192

..18607

..lEUW

..17701

..17379

..17135

..16~78

tag!

..17155

L.20621
1.19378
L.18252

p;fig
.

t.ti807
L.41&
1.156

71.131 8
1.12828

1.12540
1.12331
1.12200
1.12

v’1.121 7

z
1.1 q18
1.1 522
;:~;~

1.13061
1.22122

yj:~

d
l:o~ 09
1.0 19

1.08408
1.08076
1.07&l
1.07640
1.07531

q.

.

,

HATIOI?ALADVISORY
COk’MITTESFOH AERONAUTICS
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)

f

P
86) %

TAB= I.- VALUF9 OF LOOAL MACH SUME2R, PRESSURE RATIO,

A3TDPRESSURE COEFFICIENT AOROSS SEDOK WAVES - COml@~

%

.15470
:l#l;
.11200

%
,.lcil
..0895
..07991

::g;
..05056

[:$3?;
L.03711
L.03411
L.03163
L.1325

1L.1152
1.09M
81.0503

L.0718i
L.0598i
L.04891
1.0390;
1.0301’
1.0221:
1.o149’
1.0109’

z
1.00a
.9911
.99411
.9907

1.1126
i::;;?

:%;

1.016
8

l:;$
.9810

:;%
.9611

I:;;%

1.000W
1.05748
1.11715

::2%;
1.31115

t
1.8199
1.5505
::2%2
1.69801
1.8756
21.8204

1.98204
2.088a

k2.2006
1.0000C
1.06003
1.1222E
1.1%9?
..25Uc
..324%

::$%2:
~:~;;g
L.7252-I

;:%#
..
z.1271i
?.2426~
L.0~
1.061

3
;$$
1:3405
1.4171
:;~g
1.759e
1.8565
::gg
2.2985

i:g)

68

Mb

99157

;%j

xtz9

94000
95219
925
,922a
,913efl

,078
&,054 1

,03325
.01361
.99570
.97935

.96Q0

.9 070
?.9 821

.92678

.91635

;%$?

:%%
.8T707

,.06!L18

.$%%g

.97213

.954W

.937Qt

.9211Cm

. own

k
. 621
. 510

i
::8

:$~

.

NATIONAL ADVISORY
00MMITTEE FOR AERONAUTICS
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TAME II.- LOCALMAOO NONBER9B2FON2AND AJWENHPANSIOH ,—..
LnoalHaohnumberafterexpnalon, Ma
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TAR12 III.- STATIC PPXSSOP3 RAT19AOSOSSSXPAIWON KA~
\ :

sdio of statia Prcnmme aftm to at=M_e Pr*Bquv bafom. 0.xsmnslOn,p~pp
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CHARTS FOR DETERMINING THE CEARAC~I~~ICS
SHARP-NOSE AIRFOIIS IN TWO4IMENS1ONAL

RK)W AT SWERSONIC SPEEDS

By H. Reese Ivey, George W. Stickle,
and Alberta Sohuettler

September 1947

OF “*

Since Technical Note No. 1143 was completed, the need for a more
extensive version of table 1, “Values of Local Mach Number, Pressure
Ratio, and Pressure Coefficient across.Shockwaves,” has become apparent.
This table is now available in expanded form; and a copy of the expanded
table is inoluded in this supplement to supersede the original table X.

.3
Errors in the original publication are as follows:

Page Xl.: The first sentence of the last paragraph should begin
lrTablesI and 111 “ ● ““ instead of “Tables I and II . . . .“

Corrections in tables 11 and 11X are as follows:

Table II.-

Ma

3.4225
3.0867
;.?;:;

5;5%2
5.7240
7.9200

Table III,-

+ Pa/Pb

14°
240

0.49071
.02350
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Figure 13.- Each vertioal space along the scale label for premnm
coefficient Ap/q should represent 0.X25 instead oi? 20; thus~ the ●

vertical scale should appear:
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